The appearance of bottle cells at the dorsal vegetal/marginal boundary of Xenopus embryos marks the onset of blastopore formation. The conditions leading to this epithelial activity were investigated by inducing bottle cells ectopically in the animal region with VegT or different members of the transforming growth factor (TGF)-b family. Morphological studies on the ectopic bottle cells indicate their close similarity to the endogenous bottle cells at the dorsal blastopore lip. The subepithelial cells of the induced animal region express mesodermal genes in a pattern reminiscent to that observed on the dorsal lip. Relating this expression pattern to the position of the ectopic bottle cells leads to the conclusion that bottle cells form in regions of high TGF-b signalling. The speci®c inhibitory effects of cerberus on ectopically induced bottle cells revealed that nodal related growth factors are the intrinsic signals that elicit bottle cell formation in the normal embryo. In addition, ®broblast growth factor signalling is an essential precondition for this epithelial response as it is for mesoderm formation. We conclude that bottle cell formation in the epithelial layer of the gastrula is closely linked to mesodermal patterning in the subepithelial tissues. q
Introduction
Morphogenetic movements during gastrulation reshape the early embryo into a structure that re¯ects in many aspects the basic body plan of the phylotype. A special differentiation occurring during gastrulation are the bottle cells that form in the primary epithelium at the periphery of the embryo. Their appearance in gastrulating embryos is widespread throughout the different animal phyla, including arthropods, echinoderms and chordates (Kimberly and Hardin, 1998 and references therein) . In Xenopus embryos the formation of bottle cells at the blastopore lip is the ®rst outwardly discernible sign for the onset of gastrulation. A concentration of pigment at the animal/vegetal border demarcates a ®eld of epithelial cells with constricted apical surfaces and¯ask-like cell bodies that stretch inwards. This local distortion of the epithelial layer results in a dent which indicates the incipient blastopore (Hardin and Keller, 1988; Keller, 1981) . Bottle cell formation begins dorsally and proceeds later into lateral and ventral regions of the marginal zone.
Despite their widespread occurrence little attention has been paid to the mechanisms that lead to bottle cell formation at the precise position in the embryo and at de®ned times during gastrulation. Both positioning and timing of bottle cell formation correlate closely with patterning events in the marginal zone. The question therefore arises whether this correlation is incidental or whether bottle cell formation is causally linked to these events.
The patterning processes in the marginal zone are known in some detail (for recent reviews see Harland and Gerhart, 1997; Heasman, 1997; Asashima et al., 1999) . Overexpression of dominant negative receptor constructs revealed that both transforming growth factor (TGF)-b and ®broblast growth factor (FGF) signalling events are required (Amaya et al., 1991 (Amaya et al., , 1993 Hemmati-Brivanlou and Melton, 1992) . The spatial restriction of the prospective mesoderm to the marginal zone is thought to be due to an overlap in this zone of two signalling processes with activin-like TGF-b signals contributed by the vegetal hemisphere and FGFsignals contributed by the animal hemisphere (Cornell et al., 1995) . Consistent with this model, a variety of activinlike TGF-b signals (e.g. BVg1, activin, Xnr1, -2 and -4) elicit mesodermal properties in animal caps (Asashima et al., 1999) , whereas FGF expression in vegetal caps allows for the activation of mesoderm speci®c gene expression there (Cornell et al., 1995) . In addition, factors translocated by cortical rotation specify the dorsal region of the marginal zone. This local property becomes more pronounced and spatially con®ned when zygotic gene activation leads to elaborate dorsal patterning processes (Kimelman, 1999) .
To assess the question of how bottle cell formation depends on local patterning in the marginal zone we made use of the fact that animal caps are competent to form ectopic invaginations resembling endogenous lips. This has been demonstrated by Lustig et al. (1996) . They discovered a maternally provided vegetal transcription factor that is involved in mesoderm induction and the control of TGF-b signalling molecules. (This factor has been described independently under the names of Xombi, VegT, Antipodian and Brat (Lustig et al., 1996; Zhang and King, 1996; Horb and Thomsen, 1997; Stennard et al., 1996) . We decided to use the name VegT here.) VegT-mRNA injected into the animal hemisphere of fertilized eggs induces invaginations of the animal epithelium at the onset of gastrulation, which resembles the process of lip formation in the marginal zone.
Using the procedure of mRNA-injection we have tried to de®ne the signalling conditions which allow for bottle cell formation in the animal cap region of the intact embryo. We show that after mRNA injection bona ®de bottle cells form in regions with high TGF-b signalling activity. The subepithelial cells of the animal cap assume a pattern of gene activity that re¯ects the graded distribution of the TGF-b signal. Making use of the speci®c properties of the growth factor inhibitor cerberus we demonstrate that among the TGF-b signals the nodal related factors are most likely the intrinsic signals that elicit bottle cell formation in vivo. Further, FGF signalling is required to obtain ectopic bottle cells. We conclude that ectopic bottle cell formation occurs under signalling conditions that closely re¯ect the situation at the dorsal blastopore lip.
Results
2.1. Bottle cell formation and concomitant morphological changes in embryos overexpressing members of the TGF-b family or VegT in the animal cap TGF-b signalling induces mesodermal properties in the inner animal cap cells (Asashima et al., 1999) . To assess the effects of this induction on the morphology of the embryo, mRNAs of activin, Xnr-1, BVg1 or VegT were injected into the animal pole region of two to eight cell embryos. The resulting phenotypes of stage 10±11 embryos depend in a systematic manner on the amounts of mRNA injected (Fig.  1) . Low doses of mRNA induce a weak response (phenotype I). Externally, an accumulation of pigment forms around the site of mRNA injection (Fig. 2E) . Internally, a deep invagination at this site is lined by epithelial cells with bottle cell morphology and surrounded by a compact mass of animal cells. Sometimes the blastocoel roof consists entirely of large, yolky endodermal cells (Fig. 2F) . Involution at the endogenous dorsal lip seems to be normal (not shown). At higher concentrations of injected mRNA the pigment spot at the injection site is larger (phenotype II, Fig. 2A±D ). It represents a ®eld of bottle cells which, however, show less tendency to invaginate. At most they form a pit-like structure in a multi-layered animal cap. The blastocoel is displaced vegetally (Fig. 2G,H) . Dorsal lip formation is initiated but becomes arrested at stage 10.5 (see Fig. 4A ). A further rise in the amounts of mRNA produces a broad ®eld of bottle cells (phenotype III, Fig. 2I ). Invagination does not occur and the animal material is further contracted towards the pole region. The blastocoel is shifted into the vegetal half and often abuts a single layered vegetal epithelium (Fig. 2K) . Endogenous bottle cells do form but show no sign of invagination (arrow in Fig. 2K ). At the highest mRNA concentrations, all animal pigment is concentrated in a dark spot (phenotype IV). The contraction of animal cap material towards the spot is accompanied by an upward translocation of the peripheral vegetal cell mass and a rupture of the vegetal epithelium in the pole region (Fig.  2L) .
The types of RNAs used in these experiments induce these phenotypes with different ef®ciencies ( Fig. 1 and Table 1 ). In all cases, the mass of induced bottle cells increases with the amount of injected mRNA. Any of the TGF-b mRNAs can eventually provoke a type IV phenotype and there was no indication of an inhibitory effect on ectopic bottle cell formation exerted by excess amounts of mRNA. VegT mRNA is less ef®cient than the TGF-b mRNAs and the response does never exceed phenotype II.
The morphological changes in the injected embryos that result from aberrant morphogenetic movements are complex and not easy to explain by current concepts of gastrula morphogenesis. In the following, we concentrate on one aspect of these changes, the formation of ectopic Fig. 1 . Summary of the phenotypic effects achieved by injection of different amounts of mRNAs coding for activin-like TGF-b signals (Xnr1, activin, BVg1) and for the transcription factor VegT into the animal hemisphere of Xenopus embryos. Phenotype I: weak accumulation of pigment, invagination of the animal epithelium. Phenotype II: a pigmented spot indicates a bottle cell ®eld that forms a pit. Phenotype III: large bottle cell ®eld without any sign of invagination. Phenotype IV: the epithelial cells of the complete animal half transform into bottle cells. bottle cells. We aim to deduce from experimentally manipulated bottle cell induction the mechanism of how endogenous bottle cell formation is controlled at the blastopore lip of the normal embryo.
Fine structure of ectopic bottle cells
Ectopic bottle cells in the animal region share characteristic structural features with the endogenous bottle cells at the blastopore lip. Their apical surfaces are furnished with small protrusions which distinguish them from the smooth surfaces of adjacent cells (see Fig. 3A ,B for endogenous and Fig. 3C±G for induced bottle cells in embryos injected with activin mRNA). Transmission electron microscopy (TEM) inspection reveals these microvilli to be rooted in a prominent electron dense submembrane ®lamentous layer (Fig.  3H,I ) that correlates with an accumulation of actin in the apices of the bottle cells (Fig. 3K,M) . Further, pigment granules and small vesicles are enriched beneath the apical cortex in both endogenous and induced exogenous bottle cells. In no case could we ®nd in this analysis any characteristic difference between the two types of bottle cells. In conclusion, high TGF-b signalling leads to the transformation of animal epithelial cells into bottle cells that by morphological means (light microscope, scanning electron microscopy (SEM), TEM) are indistinguishable from those at the blastopore lip indicating that we are dealing with bona ®de bottle cells. Thus, the pigmentation of the apically constricted cortex provided a useful and reliable indicator of bottle cells in our experiments.
Timing of ectopic bottle cell formation
The notion that ectopic induction by RNA injection yields authentic bottle cells is supported by observations made in timing experiments. Embryos were injected animally with activin mRNA and the formation of ectopic bottle cells, recognized by pigment concentration in the animal half, was monitored by time lapse videomicroscopy. Some of these embryos were turned upside down to monitor the time of appearance of the endogenous dorsal lip. Animal pigment concentrations appeared at exactly the same time as in the dorsal lip, i.e. at stage 10 of development (Fig. 4A) . Later, the endogenous lip becomes arrested in these embryos (compare Fig. 4A,B) . Further, the timing of the initiation of endogenous lip formation is not in¯uenced by the injection of activin mRNA (compare Fig. 4A,B) .
In the normal embryo the formation of bottle cells proceeds over a period of 2 h into the lateral and ventral regions. Thus, if there is a difference at all in the character of dorsal and ventral bottle cells, the induced bottle cells would be, according to this timing experiment, of the dorsal type.
Spatial pattern of mesodermal gene activity and ectopic bottle cell formation
Dorsal bottle cells form in the early gastrula from epithelial cells located at the animal/vegetal border. The presumptive mesoderm there consists of non-epithelial inner cells of the marginal zone, some of them in direct contact with the bottle cells. It may be anticipated that cues from this cellular environment dispose the epithelial cells for their bottle cell fate. Numerous genes are speci®cally expressed in this region, of which we chose brachyury (Xbra, Smith et al., 1991) and goosecoid (gsc, Cho et al., 1991) to de®ne the cellular environment in which ectopic bottle cell formation occurs.
In the normal stage 10 embryo Xbra is expressed in the marginal zone at some distance animalwards off the bottle cell-lined blastopore lip (Fig. 5Ab , see also b H ). Transcripts of gsc are present in the dorsal part of the blastopore adjacent to the bottle cells (Fig. 5Aa) . Further, gsc is expressed in the deep mesoderm whereas Xbra is expressed more peripherally (Fig. 5Ba) . In neither case are the respective transcripts present in the bottle cells themselves (see double in situ hybridization in Fig. 5B ).
Together with bottle cell formation, gsc-and Xbraexpression are induced in animal caps upon injection of TGF-b mRNA. Interestingly, the patterns of expression of the two genes in stage 10 embryos are discrete and resemble the endogenous patterns at the dorsal lip in several aspects. In situ hybridization reveals an area of gsc transcripts around the site of RNA injection. The ectopic bottle cell ®eld occupies the central part within this domain (Fig. 5Ac, e) . By way of contrast, expression of Xbra occurs at some distance from the injection site, leaving a central disc free of transcripts (Fig. 5Ad ,f, see also d H ). Double in situ hybridization of dissected embryos further showed that the epithelial cells together with the induced bottle cells produce neither of the transcripts. As at the dorsal lip, the gsc domain underlaps the Xbra domain to a certain extent at its proximal border (Fig. 5Bb) .
A possible explanation of these results is that a gradient of TGF-b signalling elicited by injected mRNA is responsible for the concentric shape of the patterns in the animal cap. Bottle cell formation and gsc expression in the centre are responses to high doses of TGF-b activity. Xbra is induced at lower and probably repressed at higher levels of TGF-b signals (Latinkic and Smith, 1999; Papin and Smith, 2000) . Further experiments were undertaken to substantiate this hypothesis. Different amounts of activin mRNA were injected into the animal pole of 4-cell embryos and the embryos were scored at stage 101 for bottle cell formation and Xbra expression. As is illustrated in Fig. 6 the domains of bottle cell formation and of Xbra expression change in a characteristic way. After injection of high doses of activin mRNA, a large ®eld of bottle cells forms and the animal cap remains free of Xbra transcripts (Fig. 6A) . Intermediate doses of activin result in a large domain of Xbra expression separated from the injection site by a narrowing zone devoid of Xbra transcripts. The ®eld of bottle cells becomes smaller (Fig.  6B) . At low concentration of activin a spot of Xbra expression forms at the site of injection but no bottle cells appear (Fig. 6C) . Similar concentration dependent ectopic patterns can be found in animal caps of embryos injected with mRNAs coding for Xnr1 or BVg1 (not shown).
Taken together, these data are consistent with the interpretation that after mRNA injection a gradient of TGF-b activity patterns a ®eld of cells in the animal cap and that ectopic bottle cells form at the apex of the gradient. The similarity of the pattern of gene expression in the ectopic ®eld and at the dorsal blastopore lip suggests that the same mechanism of bottle cell formation operates in both cases.
Cerberus inhibits bottle cell formation
Cerberus is a secreted protein that binds extracellularly to Xnr1, BMP4 and Xwnt8 and inhibits their signalling activity. The speci®city of this inhibitor is illustrated by the fact that it does not bind to or affect signalling by activin or BVg1 (Piccolo et al., 1999) . Radial injection of high levels of cerberus mRNA into the marginal zone of fertilized eggs completely blocks lip formation and Xbra expression (Bouwmeester et al., 1996 ; data not shown).
To investigate further the effects of cerberus on bottle cell formation, graded amounts of the mRNA were injected into two adjacent cells in the marginal zone of 8-cell embryos (Fig. 7Aa±e) . Seventy-®ve picograms of mRNA prevents lip formation on the injected side and reduces the expression of Xbra. A lip forms on the opposite side but no signs of the completion of the blastopore ring were detected. This phenotype is more pronounced after injection of twice the amount of mRNA. Injection of the high dose of 600 pg cerberus mRNA completely abolishes lip formation but appreciable Xbra expression remains on the non-injected side. Since the injected mRNA was restricted to cells on one side of the embryo this observation suggests that secreted cerberus protein can reach distant locations to exert its effect. At a moderate dosis of cerberus mRNA a lip may be formed in the vegetal pole region, indicating the potential of the vegetal epithelium to form bottle cells (Fig.  7Af) . The injected embryos further display signs of disturbed morphogenesis that are dif®cult to interpret. Examples are the blastocoel¯oor consisting of animal and marginal cells instead of the normal vegetal cells or an apparent decoupling of external and internal gastrulation movements, e.g. involution around an internal lip and translocation of mesendodermal cells to the blastocoel roof in the absence of an external lip (data not shown). In sum, cerberus affects endogenous bottle cell formation, disturbs gastrulation movements and may elicit bottle cell formation ectopically in the vegetal epithelium.
Further experiments showed that cerberus inhibits ectopic lip formation induced by Xnr1 but not by activin. Embryos were injected with different amounts of mRNAs coding for either activin, Xnr1 or combinations of activin 1 cerberus and Xnr1 1 cerberus and scored for ectopic bottle cell ®elds and Xbra expression (Table 2 and Fig. 7B ). Embryos injected with Xnr1-mRNA develop pronounced bottle cell ®elds and ectopic Xbra expression domains in the animal cap. Coexpression of cerberus together with Xnr1 leads to a complete loss of this phenotype. In contrast, cerberus has little or no effect on the activin induced formation of ectopic bottle cells and ectopic Xbra expression. Thus cerberus speci®cally inhibits Xnr1 signalling and does not affect activin signalling as expected (Piccolo et al., 1999) . Given the inhibitory effect of cerberus on endogenous lip formation, we conclude from these experiments that TGF-b signals of the nodal class and not of the activin class are essential for the formation of endogenous bottle cells.
FGF signalling and ectopic bottle cell formation
We con®rmed previous observations that activin-induced expression of mesodermal markers in animal caps and VegT induced ectopic invaginations depend on FGF signalling (LaBonne and Whitman, 1994; Cornell and Kimelman, 1994; Lustig et al., 1996) by use of a dominant negative form of FGF-receptor (XFD, Amaya et al., 1991 Amaya et al., , 1993 . As shown in Fig. 8A , ectopic bottle cell formation and Xbra expression induced by activin are both inhibited by coinjection of XFD. Likewise, Xnr1-induced ectopic bottle cells are also inhibited by XFD (data not shown).
In addition, we monitored the FGF signalling pathway by use of an antibody recognizing speci®cally the double phosphorylated form of the extracellular signal regulated protein kinase (dpERK; see Christen and Slack, 1999) . Noninjected control embryos show a faint staining all over the animal hemisphere, an enhanced signal in the marginal zone, and no staining at all in the vegetal hemisphere. Activin induces an activation of ERK in embryos between stages 8 and 11 (Fig. 8B) that concentrates in the region of ectopic bottle cell formation in the animal hemisphere indicating that the FGF signalling pathway is activated there (Fig. 8C) .
Discussion
The appearance of bottle cells at the vegetal border of the marginal zone is a conspicuous and early sign of blastopore formation at gastrulation. However, it does not indicate the onset of patterning of the marginal region. Mesoderm induction (Ding et al., 1998) , expression of Xbra in the marginal zone (Smith et al., 1991) and priming of the nuclei for dorsal gene expression by nuclear translocation of b-catenin (Schneider et al., 1996) occur well in advance of bottle cell formation. Likewise, pregastrula morphogenetic movements, the passing of prospective mesoderm cells around an inner blastopore lip at the tip of Brachet's cleft are initiated before bottle cell formation (Keller, 1986) . This suggests that bottle cell formation is embedded in a continuous developmental process that leads to gastrulation. The experiments described in this paper were undertaken to elucidate the speci®c developmental conditions that induce the cells of the primary epithelium to form bottle cells by constricting their cell-apices and stretching their cell bodies inwards.
Ectopic bottle cell formation
Inducing TGF-b signalling by injection of activin, Xnr-1, BVg1 or VegT mRNAs into the animal region of early embryos results in ectopic bottle cell formation at stage 10 of development. Together with our observation of cerberus induced vegetal invaginations (Fig. 7) , we come to the conclusion that the entire peripheral epithelium of the early gastrula embryo is competent to form bottle cells. Translation of the injected TGF-b mRNA occurs presumably much earlier. The temporal correlation of ectopic bottle cell formation with the onset of gastrulation indicates therefore that the emergence of competence and not the presence of the signal alone determines the timing of the epithelial response.
Ectopic bottle cells and the expression domains of gsc and Xbra are arranged concentrically around the site of mRNA injection. This pattern strongly suggests a response to a concentric gradient of TGF-b signalling that forms around the site of mRNA injection. It is not known to what extent dispersion of the injected RNA or diffusion of the secreted factors later on contribute to the formation of this gradient. Bottle cells form at the apex of the concentric gradient indicating a requirement for relatively high TGF-b signalling. At low doses the bottle cell ®eld often forms a lip-like invagination or a pit. Raising the concentration of the injected RNA enlarges the ®eld of bottle cells until the whole animal epithelium consists of bottle cells. Invaginations are not found in these phenotypes, presumably because the concerted apical constrictions produce a tension in the whole epithelium that hampers invagination and sometimes even causes the vegetal epithelium to rupture. In the animal cap bottle cell formation is apparently not restricted to an optimal TGF-b mRNA concentration; it rather occurs wherever a certain threshold of mRNA is surpassed. As a result a ®eld and not a ring of bottle cells forms. Only a limited number of bottle cells occurs upon injection of VegT mRNA, even at high concentrations. Presumably, the transcription factor VegT acts by inducing TGF-b gene activity (Clements et al., 1999; Yasuo and Lemaire, 1999; Kofron et al., 1999; Hyde and Old, 2000) . Hence the TGF-b mRNA level could be in this case transcriptionally regulated, in contrast to the situation where the mRNA has been injected. Fig. 9A ,B interpret the collected data on the expression of the different markers at the ectopic site of bottle cell formation.
Activation of the gsc gene also occurs in the centre of the gradient but the gsc expression domain often appears considerably larger than the ®eld of bottle cell formation. Uninjected control embryos (co) or embryos microinjected with the indicated amounts of mRNAs coding for Xnr1 (nr), Xnr1 1 cerberus (nr 1 cer), activin (ac) or activin 1 cerberus (ac 1 cer) were scored for ectopic bottle cell formation (a±e) and Xbra expression in the animal cap (a H ±e H ). Ectopic bottle cells and Xbra expression induced by Xnr1 can be completely inhibited by coinjecting cerberus mRNA (c,c H ), whereas no effect of cerberus coexpression can be seen in activin injected embryos (e,e H ).
How much the constriction of the bottle cell apices contributes to this effect remains unknown. Xbra behaves differently. The ring like expression domain around the injection site indicates that this gene responds to a de®ned range of lower concentrations of TGF-b signals. Similar dose dependent responses of gsc and Xbra to TGF-b signals have been observed previously in animal cap explants or in dissociated cells (Green et al., 1992; Gurdon et al., 1994 Gurdon et al., , 1996 Gurdon et al., , 1999  for review see McDowell and Gurdon, 1999) . Unfortunately, bottle cell formation of epithelial cells is not mentioned in these reports. Whether this discrepancy is due to the different experimental conditions, which might in¯uence the behaviour of epithelial cells, remains elusive. Clearly, bottle cell formation is not a direct effect of the activity of these genes as both gsc and Xbra are expressed in subepithelial cells only. The question therefore remains open, whether at the injection site the epithelium itself produces the TGF-b signal and responds to it in an autocrine fashion or, alternatively, bottle cell formation is a response to signals that arise in the subepithelial cells. The latter case would also allow for the possibility that secondary signals other than the TGF-bs may be involved in bottle cell formation. Studies addressing these questions are in progress.
Immunostaining for dpERK revealed FGF signalling in the whole animal half of stage 10 embryos, but none in the vegetal half. Consistent with the known stimulation of FGF signalling by Xbra (Isaacs et al., 1994; Schulte-Merker and Smith, 1995) , we ®nd strong dpERK staining around ectopic bottle cell ®elds in a region where also Xbra is expressed. Presumably, FGF signalling is an essential prerequisite for the formation of bottle cells. Consistent with this interpretation, both the formation of ectopic bottle cells in the animal cap and those at the blastopore lip are affected by the dominant negative FGF receptor XFD (Amaya et al., 1991 (Amaya et al., , 1993 Lustig et al., 1996 ; this study).
To summarize, ectopic bottle cells form in animal caps if TGF-b signalling exceeds a certain threshold. The subepithelial cells respond to this condition with gsc expression whereas Xbra is activated at lower levels of TGF-b signalling. Further, the formation of ectopic bottle cells is dependent on functional FGF signalling. Thus, ectopic bottle cells form in the animal cap in an environment reminiscent of the situation at the dorsal blastopore lip.
The TGF-b signalling molecules activin, BVg1 and Xnr1 induce bottle cells at ectopic sites, which raises the question which of them is the intrinsic inducer of the bottle cells at the blastopore lip. Nodal-related signals are essentially involved in early patterning of different reference organisms such as mouse, zebra®sh and frog (for review see Schier and Shen, 2000) . Making use of the speci®city of the growth factor inhibitor cerberus, we found that Xnr1 induced formation of ectopic bottle cells is inhibited by cerberus whereas activin induced bottle cell formation remains unaffected. This is in accordance with recently published results of Agius and colleagues (Agius et al., 2000) , who showed that a truncated form of cerberus (cer-short), which binds speci®cally only to nodal signals (Piccolo et al., 1999) , inhibits ectopic`lip' formation induced by Xnr1,2,4 but not that induced by activin, BVg1 or derriere.
In our study we used the full-length cerberus, which also impairs BMP and Wnt signalling (Piccolo et al., 1999) . Nevertheless, similar to cer-short it does not inhibit activin-induced ectopic bottle cells indicating that BMPs and Wnts are not essential for bottle cell formation. Fig. 9C ,D present the attempt to assemble the information obtained from our experiments on ectopic bottle cell formation into a model of how bottle cells may arise at the blastopore lip during gastrulation. The position of the bottle cells forming at the boundary between the marginal and the vegetal region indicates, by analogy to ectopic bottle cell formation, a zone of high TGF-b signalling. Among the various TGF-b signals that are able to induce bottle cells in animal caps Xnr1, presumably along with its close relatives Xnr2 and Xnr4, are the intrinsic inducers in the marginal region of the non manipulated embryo. The signal originates in the vegetal region, as a result of the activity of VegT, which is localized there and controls TGF-b transcription (Kofron et al., 1999) . The decrement of the signal as it passes into the marginal zone would also explain the position of the gsc and Xbra expression domains relative to the bottle cells. This arrangement of the different domains occurs on the dorsal side only. Here, nodal signalling is initially enforced by the synergy with the wnt/b-catenin signalling pathway resulting in a dorsal to ventral gradient of nodal activity (Kimelman, 1999; Agius et al., 2000) . On the lateral and ventral sides gsc is negatively regulated, e.g. by zygotic BMP4 and Vent1 (Fainsod et al., 1994; Gawantka et al., 1995) . Apparently this regulation does not affect lateral and ventral bottle cell formation. Bottle cell formation further requires the FGF signalling pathway. The absence of FGF signalling in the vegetal hemisphere possibly prevents the spreading of bottle cell formation into this region. Accordingly, when TGF-b mRNA is applied near to the animal/vegetal border, only the animal cells respond by forming bottle cells and transcribing the marker genes gsc and Xbra (unpublished observations). The notion that FGF signalling does not occur in the vegetal half is consistent with the low vegetal expression levels of the FGF-receptor (Cornell et al., 1995) , the FGFresponsive transcription factor ER81 (Mu Ènchberg and Steinbeisser, 1999) and the activated ERK (Christen and Slack, 1999; this study) . However, on the basis of in vitro assays (LaBonne and Whitman, 1997) it is doubtful that FGF signalling is indeed reduced vegetally. The topic is still under dispute.
A model for bottle cell formation at the blastopore lip
We have observed that the growth factor inhibitor cerberus can induce ectopic invaginations in the vegetal region. This indicates that a lack of FGF signalling may not be the only barrier that prevents bottle cell formation from spreading vegetally. The function of a vegetal inhibitor for bottle cell formation, which itself depends on nodal or Wnt signalling, would be an obvious, though speculative, explanation.
The consecutive spreading of bottle cell formation during gastrulation from the dorsal to the lateral and ventral regions could well be explained by the timing of Xnr1-transcription that progresses from dorsal to ventral within the vegetal/ marginal region (Agius et al., 2000) . A wave of Xnr1 signalling in the lower marginal zone could well be envisioned to explain the consecutive formation of the bottle cells. Further, Xnr1 signals are known to induce the transcription of cerberus (Piccolo et al., 1999) . Indeed, we have found a strong expression of cerberus around Xnr1 induced ectopic bottle cells (unpublished observation). A negative feedback loop might be generated this way, limiting nodal signalling to a certain time window before it becomes obliterated by the inhibitor. Such a mechanism may be important for controlling the timing of bottle cell formation at the precise location of the marginal to vegetal boundary.
The tentative model for bottle cell formation proposed here is in many aspects similar to the models for mesoderm formation in the marginal zone forwarded by Cornell et al. (1995) and recently by Agius et al. (2000) . Indeed, our data strongly suggest that the processes of both bottle cell and mesoderm formation are closely interlinked. We were not able to decouple bottle cell formation from the mesodermal properties of the adjacent inner cells. Although the nature of the linkage remains unclear, we propose two alternatives. Further studies are required to distinguish between these two alternatives.
Experimental procedures

Embryos and microinjections
Adult Xenopus laevis were purchased from the African Xenopus Facility C.C. (South Africa). Embryos were obtained by in vitro fertilization as described (Fey and Hausen, 1990) , cultured in 0.1 MBSH (MBSH: 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 0.82 mM MgSO 4 , 0.41 mM CaCl 2 , 0.33 mM Ca(NO 3 ) 2 , 10 mM HEPES (pH 7.4), 10 mg/ml streptomycin sulphate and penicillin) and staged according to Nieuwkoop and Faber (1967) .
mRNA injections (5 nl per injection) were performed in 2/3 MBSH containing 4% Ficoll-400 (Sigma, Munich, Germany). After injection the embryos were left in Ficoll solution for 2±3 h and then transferred to 0.1 MBSH for further cultivation.
Expression constructs and mRNA synthesis
cDNA plasmids containing the full-length sequences of activin (pBSK, restriction with EcoRI, transcription with T3-RNA-Polymerase (Thomsen et al., 1990) ), Xnr1 (pSP64T, restriction with SmaI, transcription with SP6-RNA-Polymerase (Jones et al., 1995) ), and cerberus (pCS, restriction with NotI, transcription with SP6-RNA-Polymerase (Bouwmeester et al., 1996) ) were kindly provided by Herbert Steinbeisser. BVg1 cDNA (Thomsen and Melton, 1993) was kindly provided by Francois Fagotto and Brat cDNA (Horb and Thomsen, 1997) by G. Thomsen. Capped sense mRNAs for microinjections were prepared with T3 or SP6 mMessage mMachine kits (Ambion) according to the manufacturer's instructions. The RNA was resuspended in sterile TE buffer (1 mM EDTA, 10 mM Tris±HCl, pH 8.0) and was quanti®ed by comparing¯uorescence intensity to a marker with a known concentration on an ethidium bromide stained agarose gel. Aliquots were stored at 2708C and diluted in sterile injection buffer (88 mM NaCl and 15 mM Tris±HCl, pH 7.5 in sterile water).
In situ hybridization
Whole-mount in situ hybridization was performed according to the protocol of Harland (1991) . The proteinase K step was done 30 min for whole embryos and 20 min for half embryos. Double in situ hybridizations were performed with simultaneous incubation of embryos with DIG-and uorescein-labelled antisense probes followed by sequential antibody and colour reactions as described previously (Epstein et al., 1997; Jowett and Lettice, 1994) . DIG-and uorescein-labelled antisense mRNAs were synthesized using T7 or SP6-RNA-Polymerases. The following plasmids were used as templates for the transcription of antisense mRNA: goosecoid (H7 full-length clone in pBSK, restriction with EcoRI, transcription with T7-RNA-Polymerase Cho et al., 1991) ), Xbra (pSP73, restriction with SalI, SP6-RNA-Polymerase (Smith et al., 1991) ), and cerberus (pBSK, restriction with EcoRI, transcription with T7-RNA-Polymerase (Bouwmeester et al., 1996) ). For subsequent histological analysis specimens stored in methanol were embedded in Technovit 7100 and cut as described in Section 4.4.
Histology and immunostaining
Embryos were ®xed in 20% DMSO in methanol overnight at 2208C (Dent et al., 1989) or pre®xed in MEMFA for 2 h at room temperature followed by post-®xation in Dent's ®xative or in ice-cold methanol. Specimens were washed in methanol, in®ltrated and embedded in glycolmethacrylate (Technovit 7100, Kulzer, Wehrsheim, Germany) and cut into 5-mm thick serial sections. Sections were stained with 0.5% toluidine blue and 1% borax in water.
Single or double immuno¯uorescent labellings were performed as described previously (Kurth et al., 1999) using the following primary antibodies: P14L (polyclonal rabbit antibody against b-catenin (Schneider et al., 1993) ), P35N (polyclonal rabbit antibody against a variety of cadherins (Kurth et al., 1999) ) and a mouse monoclonal anti-pan-actin antibody (CL9001, Cedarlane; Hornby, Ontario, Canada (Lessard, 1988) ). As secondary antibodies Cy3-coupled goat-anti-rabbit IgGs (Dianova) and Alexa 488-coupled goat-anti-mouse IgGs (Molecular Probes) were applied. For double immunostainings, selective ®lters for Cy3-and Alexa-¯uorescent signals were used (AF Analysentechnik, Germany). Sections were analysed with a Zeiss Axioplan microscope equipped with epi¯uorescence optics.
Whole-mount staining of the active double phosphorylated form of the MAPKinase ERK was performed as described by Christen and Slack (1999) using the monoclonal anti-dpERK antibody (clone MAPK-YT, Sigma).
Time lapse videomicroscopy
Embryos in 0.1 MBSH were placed into agar forms with embryo sized pits and ®xed in position. Using a Sony-CCD camera and the Analysis-program (SIS), pictures were taken every 5 min starting from late blastula stages up to midgastrula stages.
Western blotting
Protein extraction was performed as described previously (Mu Èller et al., 1994) . Proteins were separated in a 12% acrylamide gel and blotted onto a nitrocellulose membrane. Uniformity of loading was assessed by staining the blot with 0.2% Ponceau S (Sigma). Blotted proteins were stained with anti-dpERK antibody followed by a peroxidase coupled secondary goat-anti-mouse antibody (Dianova) and were detected on X-ray ®lms using the Renaissance chemiluminescence detection system (NEN).
Electron microscopy
Embryos were ®xed in a mixture of 2.5% glutaraldehyde and 2% paraformaldehyde in 100 mM HEPES (pH 7.4) overnight at 48C and washed several times in 100 mM HEPES. For SEM, embryos were post®xed in 1% OsO 4 in phosphate-buffered saline (PBS) for 2 h on ice, washed in PBS, dehydrated in a graded series of ethanol/water, dried using the critical point method and sputtered with gold/ palladium. The samples were examined with a Hitachi S800 scanning electron microscope. For TEM, ectopic and endogenous lips were cut out of ®xed embryos and embedded in blocks of 2% LMP agarose in PBS. Specimens were post®xed in 1% OsO 4 in PBS overnight on ice, washed in PBS and water and en bloc contrasted in 1% uranyl acetate in water. After several washes in water they were dehydrated in graded series of ethanol up to 100% ethanol and embedded in Spurr's resin (Spurr, 1969) . Ultrathin sections were stained with an aqueous solution of 1% uranyl acetate and a 1% solution of lead citrate and were analysed with a Phillips CM10 transmission electron microscope.
